Cardiac resynchronization reduces symptoms and improves left ventricular function in many patients with heart failure due to left ventricular systolic dysfunction and cardiac dyssynchrony. We evaluated its effects on morbidity and mortality.
n engl j med 352;15 www.nejm.org april 14 , 2005 The new england journal of medicine 1540 espite improvements in pharmacologic treatment, many patients with heart failure have severe and persistent symptoms, and their prognosis remains poor. 1, 2 Such patients commonly have regions of delayed myocardial activation and contraction, leading to cardiac dyssynchrony. In a series of trials lasting up to six months, cardiac resynchronization decreased symptoms and improved exercise capacity, the quality of life, and ventricular function. [3] [4] [5] [6] [7] The Comparison of Medical Therapy, Pacing, and Defibrillation in Heart Failure (COMPANION) trial showed that cardiac-resynchronization therapy alone or combined with an implantable defibrillator reduced the composite end point of death from any cause or hospitalization during a mean follow-up of 16 months 8 ; however, the decrease in the risk of death was not significant with cardiac resynchronization therapy alone (P=0.06). Meta-analyses have left lingering uncertainty about the effects of cardiac resynchronization on the risk of complications and death. 9, 10 We analyzed the effects of cardiac resynchronization on the risk of complications and death among patients who were receiving standard medical therapy for moderate or severe heart failure and cardiac dyssynchrony.
The Cardiac Resynchronization -Heart Failure (CARE-HF) trial was a multicenter, international, randomized trial comparing the effect on the risk of complications and death of standard pharmacologic therapy alone with that of the combination of standard therapy and cardiac resynchronization (without a defibrillator) in patients with left ventricular systolic dysfunction, cardiac dyssynchrony, and symptomatic heart failure. [11] [12] [13] Patients were enrolled at 82 European centers; enrollment began in January 2001 and ended in March 2003. The study was not blinded. The members of the end-points committee (see the Appendix), however, were not aware of patients' treatment assignments. Patients in the control group were not scheduled to receive a device, both for ethical reasons and so that the trial could assess the entire effect of cardiac resynchronization, including complications associated with implantation of the device. [11] [12] [13] The steering committee (see the Appendix) designed the trial. The Medtronic Corporation funded the trial and provided a study manager to supervise its conduct. Data were sent by investigators to core laboratories or to an independent clinical-research organization (Quintiles, Dublin) that maintained the database, issued data-clarification forms, and assisted by Medtronic employees, verified source documents. The sponsor had no access to the database and did not participate in the analysis of the results or the writing of the article. All analyses were performed by one of the authors with the assistance of an independent statistician. Three Medtronic representatives commented on the manuscript before its submission. The study was approved by the local ethics committee of each participating institution and by appropriate national ethics committees. All patients provided written informed consent. patients Eligible patients were at least 18 years of age, had had heart failure for at least six weeks, and were in New York Heart Association (NYHA) class III or IV despite receipt of standard pharmacologic therapy, with a left ventricular ejection fraction of no more than 35 percent, a left ventricular end-diastolic dimension of at least 30 mm (indexed to height), and a QRS interval of at least 120 msec on the electrocardiogram. Patients with a QRS interval of 120 to 149 msec were required to meet two of three additional criteria for dyssynchrony: an aortic preejection delay of more than 140 msec, an interventricular mechanical delay of more than 40 msec, or delayed activation of the posterolateral left ventricular wall. [11] [12] [13] Patients who had had a major cardiovascular event in the previous six weeks, those who had conventional indications for a pacemaker or an implantable defibrillator, and those with heart failure requiring continuous intravenous therapy were excluded. Also excluded were patients with atrial arrhythmias, since such patients cannot benefit from the atrial component of resynchronization. [11] [12] [13] 
study procedures
Randomization was stratified according to the NYHA class and was carried out by Quintiles with the use of a minimization procedure. Patients who were randomly assigned to undergo cardiac resynchronization received a Medtronic InSync or InSync III device, which provided atrial-based, biventricular stimulation with the use of standard right ventricular and Attain (Medtronic) left ventricular leads. Investigators were asked to position the left ventricular lead to pace the lateral or posterolateral left ventricular wall transvenously and provide radiographic documentation. Backup atrial pacing was set at 60 beats per minute. The interventricular delay was set to zero, and the atrioventricular delay was echocardiographically optimized. 11 Patients were monitored overnight after receiving the device. If the initial procedure failed, repeated attempts at implantation were encouraged, and expert assistance was provided.
follow-up
Patients were evaluated at 1, 3, 6, 9, 12, and 18 months and every six months thereafter, and standard medications were adjusted as appropriate at these visits. Investigators were asked to report all adverse events, which were classified in a blinded fashion by an end-points committee or, if they were procedure-related or device-related, by an independent expert who was not blinded to the study-group assignments (see the Appendix).
The protocol required follow-up to continue for 18 months after the last patient had been enrolled, unless the data and safety monitoring board stopped the study earlier or fewer than 300 patients had reached a primary end point at that time, in which case the trial could be extended. On March 6, 2004 , the board recommended extending the study until May 2005 without disclosing the reasons. However, since the prespecified criteria had been met, the steering committee decided to conclude the study as planned on September 30, 2004, 11 and implemented, without knowledge of the results, an extension phase with death from any cause as the (nominal) primary outcome. On February 24, 2005, after this article had been submitted for publication, the data and safety monitoring board indicated that the main reasons for its recommendation were interim analyses showing a trend toward more cardiovascular events in the first 10 days after randomization among patients assigned to cardiac resynchronization than among those assigned to medical therapy alone and a trend toward a favorable effect of resynchronization on long-term mortality that they thought might fail to reach significance by the time of the planned closure date.
end points
The primary end point was a composite of death from any cause or an unplanned hospitalization for a major cardiovascular event; only the first event in each patient was included in this analysis. Data on patients who underwent elective heart transplantation were censored seven days after the procedure. Emergency heart transplantation was counted as a death.
All hospitalizations were adjudicated in a blinded fashion by the end-points committee. The first hospitalization with documented worsening heart failure, myocardial infarction, unstable angina, arrhythmia, stroke, or other major cardiovascular event (e.g., pulmonary embolism or ruptured aortic aneurysm) or hospitalization owing to or prolonged by a serious procedure-related event (e.g., infection, pericardial hemorrhage, or tension pneumothorax) was counted in the primary end point. Hospitalization with worsening heart failure was defined by the occurrence of increasing symptoms and the need for treatment with intravenous diuretics or a substantial increase in oral diuretics (an increase of at least 40 mg of furosemide per day, 1 mg of bumetanide per day, or 10 mg of torsemide per day) or the initiation of a combination of a thiazide and a loop diuretic.
Admissions for symptoms without a documented major cardiac event were not included in the primary end point, nor were readmissions for lead displacement, unless it precipitated a cardiac emergency, or admissions for initial implantation of the device, since this was part of the protocol. To prevent bias in favor of cardiac resynchronization, hospitalizations within 10 days after randomization in either group did not count toward the primary end point.
The principal secondary outcome was death from any cause, which was classified according to mode and cause. 11 Other secondary end points included a composite of death from any cause and unplanned hospitalization with heart failure and, at 90 days, the NYHA class and the quality of life as assessed by the patient with the use of the Minnesota Living with Heart Failure questionnaire (scores can range from 0 to 105, with higher scores reflecting a poorer quality of life) 14, 15 and the European Quality of Life-5 Dimensions (EuroQoL EQ-5D) instrument (scores can range from -0.594 to 1.000, with lower numerical values indicating a poorer quality of life; negative scores are associated with a quality of life that is considered worse than death). 16 Death was given a notional NYHA class of V for the analysis of changes in functional class. Several echocardiographic and biochemical variables were assessed in core laboratories, including the severity of cardiac dyssynchrony, ventricular function, mitral regurgitation, and N-terminal pro-brain natriuretic peptide (Elecsys, Roche Diagnostics), at baseline and at the 3-month and 18-month follow-up visits. Differences from baseline in heart rate and blood pressure were also compared in the two groups at followup. 11 No data other than NYHA class were imputed for patients who died.
statistical analysis
All prespecified analyses were conducted according to the intention-to-treat principle. P values other than for the primary end point are nominal. The study had a statistical power 17 of 80 percent to identify a 14 percent relative reduction or a 5.7 percentage point reduction in the rate of events, given a conventional one-sided a value of 0.025 and a predicted number of 300 events. 11 The time to an event was calculated according to the Kaplan-Meier method and analyzed with the use of Cox proportional-hazards models, which included baseline NYHA class as a covariate. 18 Continuous data were analyzed with the use of mixed models, which included baseline variables as patient-level covariates and study centers as random effects. 19 Dichotomous outcomes were analyzed with the use of nonlinear mixed models, which included the NYHA class as a patient-level covariate and study centers as random effects. The rates of adverse events were compared between groups by means of Fisher's exact test.
Analyses were conducted with the use of SAS software (version 9.12, SAS Institute). The data and safety monitoring board conducted two planned interim analyses with the use of nonsymmetric stopping rules. 20 A total of 404 patients were assigned to receive medical therapy alone and 409 to receive medical therapy plus cardiac resynchronization. The mean duration of follow-up was 29.4 months (range, 18.0 to 44.7). By the end of the study, the survival status of all patients was known, 383 patients had reached the primary end point, and 202 patients had died.
study population
Baseline characteristics were similar in the two groups ( Table 1) . Patients had well-treated moderate or severe heart failure and major left ventricular systolic dysfunction. Only 43 percent were taking high doses of diuretics (defined as at least 80 mg of furosemide, at least 2 mg of bumetanide, or at least 20 mg of torsemide). Beta-blockers were taken at some time during the study by 85 percent of the patients in the medical-therapy group and 84 percent of those in the cardiac-resynchronization group.
Implantation of a device was attempted in 404 of the 409 patients assigned to undergo cardiac resynchronization. One patient died before undergoing the procedure, and in four instances, the patient or investigator decided not to proceed. A cardiacresynchronization device was implanted and activated in 390 patients (95 percent), in 349 on the first attempt; the device was implanted a median of four days (interquartile range, two to seven) after randomization. The median duration of hospitalization for implantation was five days (interquartile range, two to eight). Before the device could be activated, six patients had an unplanned hospitalization for cardiovascular reasons that qualified as a primary end point. Eight patients assigned to undergo cardiac resynchronization had a device with an additional defibrillator function implanted during the study.
In the medical-therapy group, implantation of a cardiac-resynchronization device alone was attempted in 43 patients and implantation of a resynchronization device with a defibrillator was attempted in 23 patients (both approaches were attempted in 1 patient). The device was activated in 50 patients. In 10 instances, a device was successfully implanted but programmed to provide only standard pacemaker or defibrillator functions to avoid crossover. In five patients, the attempt at implantation was unsuccessful. The device was activated in 19 patients (5 percent) before they reached the primary end point. Eight of these patients subsequently reached a primary end point, six of whom died. Of 31 patients in whom the device was activated after they had reached the primary end point, 7 subsequently died.
primary end point
By the end of the study, the primary end point had been reached in 159 patients in the cardiac-resynchronization group, as compared with 224 patients who received medical therapy alone (39 percent vs. 55 percent; hazard ratio, 0.63; 95 percent confidence interval, 0.51 to 0.77; P<0.001) ( Fig. 1A and Table 2 ). There were 384 unplanned hospitalizations for a major cardiovascular event in the control group and 222 in the cardiac-resynchronization group. Death was the primary event in 74 patients, and hospitalization in 309. Prespecified subgroup analyses for the primary end point revealed no heterogeneity in the effect of cardiac resynchronization (Fig. 2) . Twelve patients in the cardiac-resynchronization group and 10 in the medical-therapy group The new england journal of medicine 1544 had unplanned hospitalizations for a major cardiovascular event that occurred within 10 days after randomization and were therefore not counted as primary end points.
deaths
In the cardiac-resynchronization group, 82 patients died, as compared with 120 patients who had been assigned to medical therapy alone (20 percent vs. 30 percent; hazard ratio, 0.64; 95 percent confidence interval, 0.48 to 0.85; P<0.002) ( Fig. 1B and Table 2 ). The principal cause of death was cardiovascular in 167 patients (83 percent), noncardiovascular in 34 patients (17 percent), and not classifiable in 1 patient (0.5 percent). The cause of death was attributed to worsening heart failure in 56 of the 120 patients who died in the medical-therapy group (47 percent) and in 33 of the 82 patients who died in the cardiac-resynchronization group (40 percent). The mode of death was classified as sudden in 38 of the 120 patients who died in the medicaltherapy group (32 percent) and in 29 of the 82 patients who died in the cardiac-resynchronization group (35 percent). The mortality rate in the medical-therapy group was 12.6 percent at one year and 25.1 percent at two years, as compared with 9.7 percent and 18.0 percent, respectively, in the cardiacresynchronization group.
There were three emergency and six elective heart transplantations in the medical-therapy group and one emergency and nine elective heart transplantations in the cardiac-resynchronization group. All the patients who underwent emergency heart transplantation died. None of the patients who underwent elective transplantation had died within seven days after transplantation, at which point their follow-up data were censored from the analysis.
other secondary end points
As compared with medical therapy alone, cardiac resynchronization reduced the risk of the composite end point of death from any cause or hospitalization for worsening heart failure (hazard ratio, 0.54; 95 percent confidence interval, 0.43 to 0.68; P<0.001) ( Table 2 ). There were 252 hospitalizations for worsening heart failure among 133 patients in the medical-therapy group (33 percent) and 122 such hospitalizations among 72 patients in the cardiacresynchronization group (18 percent).
As compared with patients in the medical-therapy group, patients in the cardiac-resynchronization group had less severe symptoms (P<0.001) and a better quality of life (P<0.001) at 90 days ( Table 2) . At 90 days, 15 patients had died in the medical-therapy group and 12 patients had died in the cardiacresynchronization group. At 18 months, 105 of the patients in the cardiac-resynchronization group were in NYHA class I, 150 were in NYHA class II, and 80 were in NYHA class III or IV; the respective values in the medical-therapy group were 39, 112, and 152.
Figure 1. Kaplan-Meier Estimates of the Time to the Primary End Point (Panel A) and the Principal Secondary Outcome (Panel B).
The primary outcome was death from any cause or an unplanned hospitalization for a major cardiovascular event. The principal secondary outcome was death from any cause. 
echocardiographic, biochemical, and hemodynamic assessments
At both 3 months and 18 months, the left ventricular ejection fraction was significantly greater, the left ventricular end-systolic volume index was significantly lower, the area of mitral regurgitation was significantly smaller, and the interventricular mechanical delay was significantly shorter in the cardiac-resynchronization group than in the medicaltherapy group (Table 3) . By 18 months, plasma levels of N-terminal pro-brain natriuretic peptide were lower among patients in the cardiac-resynchronization group (Table 3) . Systolic blood pressure was higher at both 3 months and 18 months among patients in the cardiac-resynchronization group.
serious adverse events
There was one device-related death in each group: one patient in the cardiac-resynchronization group died of heart failure aggravated by lead displacement, and one patient in the medical-therapy group died of septicemia after receiving a device. The most common adverse device-or procedure-related events in the cardiac-resynchronization group were lead displacement (24 patients), coronary-sinus dissection (10 patients), pocket erosion (8 patients), pneumothorax (6 patients), and device-related infection (3 patients). Worsening heart failure was more common in the medical-therapy group (affecting 263 patients, as compared with 191 patients in the cardiac-resynchronization group; P<0.001), whereas atrial arrhythmias or ectopy was more com-* Plus-minus values are means ±SD. The analysis was adjusted according to study center. NYHA denotes New York Heart Association, and CI confidence interval. † These events contributed to the primary or secondary outcome. ‡ The difference shown is for the cardiac-resynchronization group as compared with the medical-therapy group. § Scores on the Minnesota Living with Heart Failure questionnaire range from 0 to 105, with higher scores reflecting a poorer quality of life. ¶ Scores on the European Quality of Life-5 Dimensions (EuroQoL EQ-5D) instrument range from -0.594 to 1.000, with 1.000 indicating fully healthy and 0 dead. The new england journal of medicine 1546 mon in the cardiac-resynchronization group (affecting 64 patients in that group, as compared with 41 in the medical-therapy group; P=0.02). The frequencies of respiratory tract infections, hypotension, falls or syncope, acute coronary syndromes, renal dysfunction, ventricular arrhythmias or ectopy, and neurologic events were similar in the two groups.
We found that cardiac resynchronization substantially reduced the risk of complications and death among patients with moderate or severe heart failure owing to left ventricular systolic dysfunction and cardiac dyssynchrony. The benefits were similar among patients with ischemic heart disease and patients without ischemic heart disease and were in addition to those afforded by pharmacologic therapy. The data are consistent with a resynchronizationinduced reduction in cardiac dyssynchrony, leading to a sustained increase in left ventricular performance and a diminution of mitral regurgitation and, in turn, a rise in perfusion pressure, a fall in cardiac filling pressure, and favorable left ventricular remodeling. These changes in function translate into improvements in well-being and decreases in symptoms, complications, and the risk of death. The favorable effects of cardiac resynchronization on symptoms, the quality of life, ventricular function, and blood pressure in our trial are similar to those reported in previous trials. [4] [5] [6] [7] [8] However, we also found that cardiac resynchronization significantly reduced the risk of death. Calculations based on hazard ratios suggest that, for every nine devices implanted, one death and three hospitalizations for major cardiovascular events are prevented. This effect is in addition to the benefits of pharmacologic therapy and is similar to the reduction in the risk of death associated with beta-blocker therapy as compared with placebo in a similar population. 21 The benefit of cardiac resynchronization therapy in our study was due, at least in part, to the adherence of patients and investigators to the protocol and to the increasing effect of cardiac resynchronization over a long follow-up period, but it was not due to the recruitment of patients at higher risk for events than those in other studies. Indeed, the mortality rate was lower than that in many other studies, possibly reflecting the high standard of care, the presence of less severe heart failure, or both. [22] [23] [24] The extent to which risk can be modified may be greater among patients with less severe disease. Cardiac resynchronization may be beneficial in patients with cardiac dyssynchrony even if their symptoms are not severe, although we excluded patients judged by the investigator to be in NYHA class I or II.
The hazard ratio for death among patients with a cardiac-resynchronization device, as compared with those receiving medical therapy alone (0.64; 95 percent confidence interval, 0.48 to 0.85; P<0.002), was similar to that among patients who received both a resynchronization device and a defibrillator, as compared with medical therapy alone, in the COMPANION trial (0.64; 95 percent confidence interval, 0.48 to 0.86; P=0.003). 8 The COMPANION trial was not designed to investigate differences between the use of a cardiac-resynchronization device alone and the combination of a resynchronization device and an implantable defibrillator, but much of the effect of the latter approach could be explained by the cardiac-resynchronization component. In our study, the cardiac-resynchronization group had a decreased incidence of sudden death and a decreased incidence of death from worsening heart failure, both of which may reflect an improvement in cardiac function. A defibrillator might further reduce the risk of sudden death. 25, 26 Twenty-nine patients (7 percent) in the cardiac-resynchronization group died suddenly.
Retarding the progression of cardiac dysfunction to prevent malignant arrhythmias may be a better strategy than treating malignant arrhythmias once they occur, because defibrillation is stressful to the patient and associated with an adverse prognosis, Hazard ratios and 95 percent confidence intervals (CIs) are shown. The subgroups of age, systolic blood pressure, mitral-regurgitation area (as defined in Table 1) , interventricular mechanical delay, ejection fraction, endsystolic volume index, and glomerular filtration rate are divided according to the median value in the study population. All analyses were stratified according to the NYHA class, except the subgroup analysis of NYHA class. To convert values for N-terminal probrain natriuretic peptide (NT-BNP) to picomoles per liter, divide by 8.457. For some data (QRS width, for instance), many patients had results at the median value, and this led to some inequality in the sizes of the subgroups. Because of missing baseline data, not all subgroup numbers total 813. The new england journal of medicine 1548 owing either to the cause of the arrhythmia or to the effects of the shock. 27 Assuming that the combination of a cardiac-resynchronization device and a defibrillator could prevent two thirds of sudden deaths, a future study would require 1300 patients per group and a follow-up period similar to ours to have a statistical power of 90 percent to detect an absolute reduction in the risk of death from any cause of 5 percent with the use of combination therapy, as compared with the use of cardiac resynchronization alone.
In summary, we found that cardiac resynchronization is an effective therapy for patients with left ventricular systolic dysfunction and cardiac dyssynchrony who have moderate or severe heart failure and who are in sinus rhythm. This article is dedicated to the memory of Werner Klein, professor of cardiology at the University Hospital of Graz (Austria), a member of the steering committee who died in 2004. He contributed substantially to the design and conduct of the study but did not live to see it completed. His wise counsel is greatly missed by his colleagues. * Differences were not adjusted for the higher mortality rate in the medical-therapy group. A plus sign indicates a greater value, and a minus sign a smaller value, in the cardiac-resynchronization group than in the medical-therapy group. CI denotes confidence interval. † The area was calculated as the area of the color-flow Doppler regurgitant jet divided by the area of the left atrium in systole, both in square centimeters. ‡ To convert the values for N-terminal pro-brain natriuretic peptide to picomoles per liter, divide by 8.457. 
